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ABSTRACT

Asymmetric structure of tropical cyclones simulated by the Geophysical Fluid Dynamics Laboratory high-
resolution triply nested movable-mesh hurricane model was analyzed. Emphasis was placed on the quasi-steady
component of the asymmetric structure in the region of the eyewall. It was found that the asymmetry was
primarily caused by the relative wind, that is, the flow entering and leaving the storm region relative to the
moving storm. A set of idealized numerical experiments was first performed both with a constant and a variable
Coriolis parameter (f) and the addition of basic flows that were either constant or sheared with height. Analysis
was then made for one case of Hurricane Gilbert (1988) to demonstrate that the quasi-steady asymmetric structure
analyzed in the idealized studies could be identified in this real data case.

Vorticity analysis in the variable f experiment indicated that quasi-steady asymmetries resulted in the eyewall
region through the effect of vorticity advection due to differences between the beta gyre flow in the lower free
atmosphere and the storm motion. This was roughly matched with a persistent area of divergence and vorticity
compression in the lower free atmosphere ahead of the storm and enhanced convergence and vorticity stretching
to the rear. An asymmetric structure in the upward motion and accumulated precipitation, when averaged over
a sufficiently long period of time, exhibited a corresponding maximum in the eyewall’s rear quadrant.

With the addition of an easterly basic flow, a pronounced change in the asymmetry of the time-averaged
boundary layer convergence resulted, with maximum convergence located ahead of the storm. However, the
asymmetries in the average vertical motion in the middle troposphere and accumulated precipitation were more
affected by the convergence field in the lower free atmosphere produced by the relative flow there. The relative
flow depended on both the basic and beta gyre flow. With the addition of an easterly vertical shear to the easterly
basic flow, the storm moved faster than the lower-level winds, and strong relative wind was from the front to
the rear in the lower free atmosphere and from the opposite direction in the outflow layer aloft. As aresult, the
upward motion was significantly increased in the front of the storm and reduced in the rear, and the precipitation
maximum shifted to the left front quadrant.

Overall, analysis results suggest that the flow relative to the storm motion is an important factor contributing
to the formation of quasi-steady asymmetries in the convergence and vertical motion fields, as well as in the

mean precipitation pattern of tropical cyclones.

1. Introduction

The subject of asymmetry in the structure of tropical
cyclones hasreceived increased attention in recent years
in the literature both through observational (e.g., Burpee
and Black 1989; Marks et al. 1992; Franklin et al. 1993)
and theoretical studies (e.g., Chan and Williams 1987;
Fiorino and Elsberry 1989; Smith and Ulrich 1990; Peng
and Williams 1990).

Many observational studies have demonstrated that
the circulation and the convection in the interior core
region of tropical cyclones (i.e., the eye, eyewall, and
immediate surrounding area) often have a highly asym-
metric structure. Frank (1984) noted marked asymme-
tries in the kinematic fields of Hurricane Frederic with
a strong concentration of inflow northeast of the center
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and maximum outflow toward the southwest quadrant
at all radii. Investigation of the three-dimensional wind
field in the inner core of Hurricane Norbert (Marks et
al. 1992) and Hurricane Gloria (Franklin et al. 1993)
revealed a highly asymmetric wind distribution that var-
ied significantly with altitude. In early observational
studies of the asymmetric precipitation distributions of
tropical cyclones (e.g., Cline 1926; Miller 1958), hourly
rain gauge data were composited for landfalling storms.
Although the rainfall rates were found to be largest
ahead and to the right of the storm center, Cline found
the rainfall maximum for stationary storms tended to
shift toward the rear of the center. Frank (1977) com-
posited rainfall datafrom 13 small islandsinthe western
North Pacific where the effect of land on the tropical
cyclone was minimal. No large asymmetries were noted
in Frank’s study, although the rainfall was slightly high-
er in the right rear quadrant. In more recent studies,
reflectivity data from airborne radar systems revealed
large asymmetriesintherainfall rate for Hurricane Allen
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(Marks 1985), Hurricanes Aliciaand Elena (Burpee and
Black 1989), and Hurricane Norbert (Houze et al. 1992).
In Hurricanes Elena and Allen, the location of the max-
imum rainfall remained in the right front quadrant while
shifting from the left side to the right front quadrant in
Hurricane Alicia. In Hurricane Norbert (Houze et a.
1992), the maximum radar reflectivity tended to be lo-
cated either to the rear of the storm or to the left of the
storm center. These studies indeed confirm that a large
variability exists in the precipitation distribution be-
tween storms, since many factors influence their asym-
metric distribution.

Through the integration of barotropic models (e.g.,
Chan and Williams 1987; Smith et a. 1990), it has been
shown that an initially symmetric barotropic vortex on
a beta plane will devel op an asymmetric structure (com-
monly referred to as a beta gyre). Although the gyres
arelocated in the outer area of the storm, the asymmetric
flow associated with them causes vortex propagation at
about 2—-4 m s~ in basically a northwestward direction
(i.e., the beta effect). In integrations with barotropic
models, the beta-gyre structure tends to be nearly steady
after aday or two since the gyre produces an effect that
counterbalances an effect of constant forcing, that is,
the advection of planetary vorticity by the vortex’s sym-
metric circulation. Beta gyres have also been observed
in three-dimensiona baroclinic models (Wang and Li
1992), and their possible role in storm movement in a
baroclinic model has been discussed by Bender et al.
(1993). In addition, Holland (1984) indicated close
agreement between the motion of observed storms and
a combination of vortex advection by the basic current
and the beta effect. These results suggest that the
beta-gyre structure identified in barotropic models is
also present in baroclinic vortices, despite the presence
of strong transient asymmetric features such as rotating
convective cells.

Roughly speaking, a baroclinic vortex moves by the
deep layer mean wind near the center. At acertain level
of the atmosphere, there may exist a significant differ-
ence between the vortex motion and the flow at that
particular level. The resulting flow that moves through
the storm region at that vertical level relative to the
moving storm (the relative wind) may result in steady
vorticity forcing in the interior of the tropical cyclone.
Therefore, the relative wind can generate quasi-steady
asymmetries as well. Investigation of this mechanism
will be the primary focus of this study. In rea data
studies the asymmetric relative wind was analyzed in
various vertical levels for Hurricane Norbert (Marks et
al. 1992) and Hurricane Gloria (Franklin et al. 1993).
Their results suggested that the orientation of the shear
vector of the asymmetric flow was the primary mech-
anism in the generation of asymmetries in the eyewall
convection of hurricanes. In Hurricane Norbert the rel-
ative environmental flow in the direction of the storm
motion was most important, while in Hurricane Gloria
the cross-track component dominated (e.g., southwest-
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erly shear) as the hurricane moved northwest. A similar
type of relationship was proposed by Willoughby et al.
(1984) in their study of spiral band structure in Hurri-
cane Gert (1981). In their analysis, a pattern of con-
vergence and divergence was produced on the east and
west sides of the eyewall by the movement of the en-
vironmental flow through the vortex core at the lower
levels. Using a simple slab boundary layer model of
constant depth, Shapiro (1983) found that the storm mo-
tion produced enhanced convergence in the boundary
layer in the front of translating storms. However, the
theoretical study of Shapiro (1983) did not include the
effects of vertical wind shear.

In the present numerical study, profiles of relative
winds that rely on the environmental flow and their
relation to asymmetries will be examined. Since the
beta-gyre flow in baroclinic models will change with
height in conjunction with the storm’s tangential wind,
the beta gyre may lead to an important contribution to
the asymmetries in the interior region of tropical cy-
clones. This relationship will be analyzed in detail. Fi-
nally, it is noted here that the present investigation is
focused on the mechanisms that contribute to the asym-
metric structure rather than on mechanisms of vortex
motion.

A brief description of the tropical cyclone model,
experimental design, and experimental strategy will be
outlined in section 2. A discussion of the relative wind
and some of the terms used in this study will be pre-
sented in section 3. In section 4 the experimental results
will be shown, first presenting the asymmetries in the
interior of the tropical cyclones introduced by the beta
gyre alone. Next, the asymmetries involving effects of
basic flows will be presented, followed by discussion
made of the asymmetric structure in one real data case
of Hurricane Gilbert (1988). Throughout the present
study, the asymmetries in the divergence field and the
precipitation distribution will be emphasized. A brief
summary with some concluding remarks will be the
subject of section 5.

2. Model description, initial conditions, and
experimental design

a. Model description and initial conditions

The triply nested, movable-mesh model described by
Kurihara and Bender (1980) was used for this study.
Specific model details have been outlined in previous
publications (e.g., Tuleyaet al. 1984; Bender et al. 1987)
and areidentical to the version of the atmospheric model
used in Bender et al. (1993a, hereafter referred to as
BGK). The model is a primitive equation model for-
mulated in latitude, longitude, and o coordinates, with
18 levelsin the vertical. A summary of the sigmalevels
is given in Table 1 of Kurihara et a. (1990). The in-
tegration domain is also identical to BGK with the grid
system for each of the three meshes summarizedin Table
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TaBLE 1. Grid system of the triply nested mesh hurricane model.
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TaBLE 2. Summary of the idealized numerical experiments.

Grid Domain size
reso-
lution Time
(de- Longitude Latitude step
Mesh grees) (degrees) (points) (degrees) (points) ()
1 1 55 (55) 55 (55) 120
2 13 15 (45) 15 (45) 40
3 1/6 8% (50) 814 (50) 20

1. The model physics include cumulus parameterization
described by Kurihara (1973) with some additional
maodifications (Kurihara and Bender 1980, appendix C),
a Monin—Obukhov scheme for the surface flux calcu-
lation, and the Mellor and Yamada (1974) level-2 tur-
bulence closure scheme for the vertical diffusion, with
a background diffusion coefficient added. As mentioned
in BGK, the effect of radiative transfer was not treated
explicitly, although the zonal mean temperature was ad-
justed toward its initial value using a Newtonian-type
damping with a 24-h damping period.

The average vertical profile of the relative humidity
and temperature calculated for a 5° square region sur-
rounding Hurricane Gloria on 1200 UTC 22 September
1985 served as the initial environmental condition of
the mass and moisture fields for the idealized experi-
ments presented in this study. In particular, the basic
fields of temperature and relative humidity at each mod-
el level as well as the sea level pressure were computed
by taking an average of these quantities from the Na-
tional Center for Environmental Prediction (NCEP) T80
global analysisin the 5° square region centered on Hur-
ricane Gloria. The SST was set to 302 K everywhere,
which was the approximate value near the center of
Hurricane Gloria at the initial time. This was the same
initial condition used in BGK. Theinitial vertical profile
of the environmental relative humidity and temperature
is shown in Fig. 2a of BGK. The time of 1200 UTC 22
September 1985 was 18 h after Gloriawasfirst upgraded
to a hurricane and just prior to onset of rapid intensi-
fication. In the experiments that include easterly and
westerly zonal flows, theinitial zonal flows had constant
angular velocities with respect to the earth’s axis of
rotation with zonal speeds of 5.0 m s~* at 18°N (initial
latitude of the tropical cyclone center for each experi-
ment). This resulted in a very weak latitudinal shear of
about 30 cm st over a 1000-km distance centered on
the storm. The zonal flows (identified as the basic flows)
were constant with height, except for one experiment
in which the magnitude of the basic flow gradualy in-
creased above the boundary layer to a value of about
16 m s at the upper levels.

Using the observed tangential wind profile for Gloria
on 1200 UTC 22 September 1985, estimated from the
official National Hurricane Center marine advisory valid
at that time, the symmetric vortex was generated from
a time integration of an axisymmetric version of the

Magnitude
of initial
Direction of basic flow
basic flow (ms™ Experiment description

Assessment of effects of variation of Coriolis parameter (f):

No basic flow None Constant f
No basic flow None Variable f
Assessment of effects of convective parameterization:
Variable f
No basic flow None No convective adjustment

Assessment of asymmetries with the addition of basic flows:

Easterly 5 Constant f
Easterly Vertical shear of 5-16 Constant f
Easterly 5 Variable f
Westerly 5 Variable f

hurricane model using the method outlined in section
daof Kurihara et al. (1993). This symmetric vortex was
then placed onto the basic flows (for the experiments
with the easterly or westerly zonal flows) at 18°N. Fol-
lowing the procedure outlined in BGK, the mass field
(temperature and sea level pressure) was recomputed
through use of a static initialization method. The min-
imum sea level pressure of the model storm was 996
hPa at the start of the integration.

For the one real data case of Hurricane Gilbert, the
initial field was obtained from the T80 analysis at 1200
UTC 14 September 1988. In this experiment the ana-
lyzed vortex was removed from the global analysis and
replaced with a more redlistic initial storm structure us-
ing the initialization scheme of Kurihara et al. (1993).
The observed tangential wind profile was al so estimated
from the official National Hurricane Center marine ad-
visory valid at the initial time.

b. Experimental design and summary of experiments

The outer domain of the model ranged from the equa-
tor to 55°N in the meridional direction for the idealized
cases and from 10°S to 65°N for the case of Hurricane
Gilbert. It remained fixed throughout the integrations,
while the inner meshes of the tropical cyclone model
moved with the storm center. All the experiments were
integrated to 72 h, and the complete set of idealized
experiments are summarized in Table 2. A set of ex-
periments were run with no basic flow and either con-
stant or variable Coriolis parameter (f). This second
experiment (variable f) corresponded to the noncoupled
experiment in BGK without a basic flow. One supple-
mental experiment was also performed without convec-
tive adjustment, in order to evaluate the sensitivity of
the asymmetries observed in the variable f experiment
to the convective parameterization. Two additional ex-
periments were made with constant f to evaluate the
asymmetries introduced by addition of a simple basic
flow. First, an easterly basic flow of 5 m s~ was su-
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perposed on the initial symmetric vortex. Next, an ex-
periment was run with a simple easterly vertical shear
in which the easterly flow steadily increased with height
from 5 m st above the boundary layer to a value of
about 16 m st at 10 km. To assess the impact of the
addition of both the basic flows and the variation of f,
two additional experiments were run with easterly or
westerly basic flows and with variable f.

In each of the experiments run with constant f, the
Coriolis parameter was set to the value at 18°N. Since
the focus of this study is to examine the impact of the
relative wind on the interior structure of the tropical
cyclone, most of the analysis was performed for the
interior portion of the finest mesh that had a horizontal
resolution of 1/6°.

3. Definition of terms and discussion of the
relative wind

The purpose of this section is to define some of the
terms used in this study and to briefly discussthe storm’s
relative wind and the various quantities that will be
emphasized throughout. For avortex moving with prop-
agation velocity C (determined by computing the av-
erage displacement of the storm’s center of mass), we
define the relative wind V,, simply as the wind com-
ponent computed with respect to a coordinate system
moving with the storm. Namely,

V=V -C,

where V is the velocity in the inertial frame.

Given afield, h, at any given moment of time (wind
components, surface pressure, vorticity, divergence,
precipitation rate, etc.), it can be split up into its sym-
metric (hy,,) and asymmetric (h,,,,) components with
respect to the storm center:

h = h(Ngm + Nagm- (3.2

Here, the quantity h(r),,., is defined at each storm radius
r as

(3.2)

M) = o j( he, @) do, (39

2 0
where ¢ is the azimuthal angle.
The asymmetric component of the field h at any point
is determined by subtracting the symmetric component
h(r)sm from the total field h:

hoym = h — h(Ngm (3.9

When the quantity h, which fluctuates with time, is

averaged over a sufficiently long time period, a quasi-

steady component h can be determined. The instanta-

neous field h can then be written as the sum of h and
a transient component h':

h=h+h =hy, +hy, + hy, + h g (35)

The structure of h,,, that is, the quasi-steady asym-
metry will be emphasized throughout the present study.
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To determine the quasi-steady symmetric storm struc-
ture, various quantities for each time step were com-
puted relative to the moving storm and time averaged
for the final 36 h of integration. The primary features
in the distribution of the various time-averaged quan-
tities were found to be independent of the particular
averaging interval as long as it was at least 24-36 h,
which assured that the high-frequency asymmetries(i.e.,
h m) Were removed from the resulting fields. In the
computation of the asymmetric wind field, the winds
werefirst expressed in the cylindrical coordinate system.
The asymmetric value was then obtained for both the
radial and tangential flow by subtracting the symmetric
part from both the tangential and radial component.
Since the relative flow moving across the vortex core
will produce a strong asymmetric advective tendency as
it enters the high-vorticity region of the interior, con-
vergence and divergence may take place to counterbal-
ance the above tendency. This suggests a probable re-
lationship between the asymmetric relative wind and the
asymmetric fields of convergence and divergence.
Namely, asymmetric relative flow into the storm region
should tend to be correlated with quasi-steady asym-
metric convergence. Likewise, asymmetric relative flow
out of the storm region should be associated with quasi-
steady divergence. Since the vertical integral of con-
vergence and divergence is related to upward motion
and hence precipitation, the asymmetries in the quasi-
steady distribution of convergence may well be related
to asymmetries in the quasi-steady distribution of both
upward motion and total storm precipitation. Clearly,
this implies that the relative flow may be a major factor
in the generation of asymmetries in the quasi-steady
structure found in the interior of storms, as some of the
observational studies have also suggested. In support of
the above arguments, detailed analysis of the numerical
results obtained in this study will first be made of the
quasi-steady asymmetric structure of the divergence
(V-V).ym: Vertical motion (w,,,,), and accumulated pre-
cipitation in the region of the eyewall, and second, of
their relationship to the relative wind (V,g,, — C).

4. Experimental results

In this section, the numerical resultswill be presented.
In section 4a the quasi-steady symmetric vortex struc-
turein the interior of the tropical cyclone will be shown
for an experiment run with constant f and no basic flow.
In section 4b the asymmetries in the tropical cyclone
eyewall introduced by the variation of the earth’s plan-
etary vorticity with latitude will be examined. Evalua-
tion of the effect of the asymmetric flow on the vorticity
budget is the topic of section 4c. The effect of basic
flows, both constant and increasing with height, on the
storm asymmetries will be discussed in section 4d, and
the effect of the relative wind on the generation of asym-
metries for one real case of Hurricane Gilbert is de-
scribed in section 4e.
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a. Structure of a vortex with constant f and no basic
flow

In the first experiment, a vortex with nearly constant
intensity evolved with minimum sea level pressure
reaching 935 hPa and maximum low-level winds of 54
m st at around 66 h. Although the surface pressure
field of this storm was found to be nearly axisymmetric,
the distributions of precipitation, convergence, and up-
ward motion still tended to be dominated at any instant
by high-frequency features such as cyclonically rotating
convective cellsin the eyewall region and bands of con-
vergence and divergence propagating outward from the
storm center. The 36-h averaging interval was found to
be sufficient to smooth out these high-frequency asym-
metries evident in the instantaneous fields. This time
interval was also appropriate since during the final 36-h
period the idealized storms in this study maintained a
nearly steady state. For instance, in thisfirst experiment
the minimum sealevel pressure and maximum low-level
wind varied from 941 hPa to 935 hPa and from 51 to
54 m s2, respectively, during the 36-h period in which
the time averaging was taken. In this first experiment,
there were no significant factors that could cause a qua-
si-steady asymmetry to develop [h,,., of (3.5)] except
through small numerical inhomogeneities introduced
into the solution. The vortex remained nearly stationary,
with itslocation fluctuating only 20 km during the entire
72-h integration.

A northwest—southeast vertical cross section of di-
vergence through the storm center (Fig. 1, top) shows
that this quasi-steady storm structure was quite sym-
metric. To enhance the portion of the atmosphere near
the surface, the vertical coordinate for these and al other
cross sections is the square root of height in meters,
where the vertical velocity component in this coordinate
system is given by d\/Z/dt so that w = dz/dt = 2\/z
(d\/Z/dt). [See Fig. 11 of Bender et al. (1985) for more
details of this coordinate system.] Maximum boundary
layer convergence occurred in the eyewall region. The
eyewall was characterized by strong upward motion ex-
tending from the boundary layer to the region of outflow
that was located at around 14-km height. Strong diver-
gence in excess of 2 X 10~* s* was located in the
outflow layer in the eyewall. Divergent flow was found
in the lower part of the eye between 500 and 1500 m,
which suggests outflow near the bottom of the eye. In
the observational analysis of Frank (1984) for northward
moving Hurricane Frederic (1979), maximum diver-
gence at 560 m was found just to the west of the center
of the eye with a weak divergent region extending to
the south and east.

The accumulated precipitation distribution also ap-
peared to be quite symmetric (Fig. 1, bottom), although
some small spacia variations were still evident. How-
ever, when the locations of the strongest convectivecells
were sampled at 15-min intervals during the second half
of the integration period, the positions of the maximum
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precipitation within the eyewall were found to be nearly
evenly divided between the four quadrants, with the
maximum precipitation occurring 26%, 23%, 25%, and
26% of the time in the northwest, southeast, southwest,
and northeast quadrants, respectively.

b. Asymmetries introduced by variation of f

In barotropic models with the variation of f included,
a significant asymmetric wind is generated near the
storm center, as the storm’s cyclonic circulation pro-
duces a beta gyre by advection of lower (higher) plan-
etary vorticity northward (southward) on the east (west)
side of the storm. This results in vortex propagation
basically in a northwest to north-northwest direction.
For the present study with a multilevel model, the next
experiment was carried out with the variation of the
Coriolis parameter with latitude introduced. In this ex-
periment, the tropical cyclone reached a maximum in-
tensity with minimum sea level pressure of about 938
hPa and maximum low-level winds of 53 m s, com-
pared to 935 hPa and 54 m s~* for the experiment with
constant f. The azimuthally averaged tangential wind in
the lower part of the free atmosphere (o = 0.78, ~2.1
km) is shown in Fig. 2 (top) averaged for the final 36-h
interval and calculated with respect to the lower-level
(i.e., o = 0.78) circulation center. This approach and
definition of the storm center was used throughout this
study whenever the symmetric component of the various
quantities was obtained. The radius of maximum wind
was about 55 km (~ 0.5°) from the storm center, which
is somewhat larger than observed for most storms of
comparableintensity, due to the 1/6° resolution that was
still not able to fully resolve the interior structure of a
more compact eyewall. The distribution of symmetric
vorticity isshown (Fig. 2, bottom) for theinterior region
of the storm. From Fig. 2 (bottom), it is seen that the
inner 120-km region, which is the primary focus of this
study, was characterized by strong vorticity gradients.
The impact of these strong gradients of vorticity on the
generation of the quasi-steady asymmetries in the vor-
ticity budget in this region will be demonstrated |ater.

Using a barotropic model, Fiorino and Elsberry
(1989) have shown that a tangential wind profile in the
outer storm region asin Fig. 2 will generate asignificant
asymmetric wind component. As mentioned in section
3, subtraction of the symmetric component from the
total field determined the asymmetric distributions. In
the present case, when the symmetric tangential wind
profile (Fig. 2, top) was subtracted from the time-av-
eraged total tangential wind, the resulting asymmetric
wind distribution in Fig. 3 resulted. (The symmetric
radial component at that model level was much smaller
than the tangential component, and was neglected in the
computation of this figure.) The relative vorticity dis-
tribution of the asymmetric flow exhibited a wavenum-
ber 1 structure (not shown) with arelative vorticity min-
imum (~—22 X 10-% s7%) about 450 km northeast of
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NO BASIC FLOW (CONSTANT f)
DIVERGENCE
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SOUTHEAS

ACCUMULATED PRECIPITATION

| l |

FiG. 1. For the constant f experiment, (top) northwest—southeast vertical cross section through
the storm center of the radial—vertical flow field and the divergence (10~ s~1), computed from
the wind field averaged for the final 36 h of the integration; and (bottom) the precipitation
(cm) accumulated for the final 36 h of the integration and computed relative to the moving
storm. The arrows indicate the radial—vertical motion. The hurricane center position isindicated
by the hurricane symbol. The tick marks in the bottom panel are at 1° intervals. Regions of
divergence and accumulated precipitation greater than 100 cm are lightly shaded.




15 MARcH 1997

NO BASIC FLOW (VARIABLE f)
AZIMUTHALLY AVERAGED TANGENTIAL WIND (SIGMA = .78)
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FiG. 2. For the experiment with variable f and no basic flow, the
azimuthally averaged tangential wind (top, m s*) and symmetric
vorticity (bottom, 10-4 s*) at model level o = 0.78 (~2.1-km height),
computed from the wind field averaged for the final 36 h of the
integration. The dashed lineindicates the region near the center where
the vorticity cannot be accurately determined due to model resol ution.

the storm center and a corresponding maximum of cy-
clonic vorticity (~20 X 10-° s~1) approximately equal
distance to the southwest. The general direction of the
flow field in Fig. 3 was oriented in a north-northwest
direction, in good agreement with the average direction
of movement of the storm. As mentioned before, al-
though the beta gyres were located in the outer region
of the storm, they produced significant asymmetric flow
into the inner region. The magnitude of the asymmetric
flow field in the direction of the storm movement was
computed next for different vertical levels by averaging
it along a cross section in the direction of storm move-
ment, passing through the storm center and stretching
outward up to 250 km from the eye. In this computation,
the values within 75 km of the storm center were ex-
cluded in order not to include the effects of the induced
asymmetric circulation in the computation. It is pre-
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NO BASIC FLOW (VARIABLE f)
I

FiG. 3. Streamlines of the asymmetric wind field for the experiment
with variable f and no basic flow at model level o = 0.78 (~2.1-km
height), computed from the wind field averaged for the final 36 h of
integration. The region shown is for the entire inner nest, with the
tick marks at 1° intervals. The storm direction is indicated by the
thick arrow, and the hurricane center position is shown by the hur-
ricane symbol.

sumed that this is a good representation of the asym-
metric flow entering and leaving the interior region.

The vertical shear of the asymmetric flow in this ex-
periment, which was oriented along the direction of the
storm motion, was not directional but primarily due to
changes in the magnitude with height. The component
of the asymmetric wind in the direction of the storm
movement (Fig. 4) was over 5 m st in the lowest part
of the free atmosphere and decreased with height to less
than 2 m s* in the middle and upper troposphere. This
vertical distribution was correlated with the strength of
the tropical cyclone’s cyclonic circulation, which was
strongest just above the boundary layer and gradually
decreased with height above this level. In this experi-
ment, the storm basically moved with the speed of the
vertically integrated asymmetric flow, that is, about 2.25
m st (1.2 m s * westward and 1.9 m s-* northward).
Just above the boundary layer, the component of the
relative wind exceeded the storm’s translational speed
by nearly 3 m s, resulting in significant relative flow
from the rear side of the storm into the eyewall. Relative
flow into the storm from the south-southeast occurred
from the boundary layer to slightly above 6 km.

The instantaneous distribution of convergence was
characterized by bands of convergence and divergence
that tended to propagate outward from the storm center.
However, the general pattern of the time-averaged di-
vergence and asymmetric divergence fields (Fig. 5) at
level o = 0.78 (~2.1 km), which was dlightly above
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ASYMMETRIC WIND COMPONENT IN DIRECTION OF STORM MOTION
NO BASIC FLOW (VARIABLE f)

o
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ASYMMETRIC WIND COMPONENT

Fic. 4. Vertical profile of the 36-h averaged asymmetric wind component (m s7%) in the
direction of storm motion for the experiment with variable f and no basic flow. At each vertical
level the average is taken along a cross section passing through the storm center. The mean
translation speed of the storm (~2.2 m s7%) is indicated by a dashed line.

the level of maximum relative flow, remained constant,
indicating that it was produced by a persistent forcing
mechanism. In the northwest (southeast) eyewall the
averaged flow was predominantly divergent (conver-
gent). Maximum value of total convergence and asym-
metric convergence on the southeast side of the eyewall
were both —1.3 X 104 s, located about 60 km from
the storm center. Thetime-averaged total divergenceand
asymmetric divergence on the northwest side had max-
imum values of 1.1 X 10* st and 14 X 104 s,
respectively, located 45 km from the storm center.

Vertical cross sections through the storm center in the
direction of the storm motion for both the total diver-
gence and asymmetric divergence are presented in Fig.
6, together with the radial—vertical flow field and the
asymmetric relative wind and asymmetric vertical flow
field that evolved for the experiment with variable f.
The asymmetric divergence (Fig. 6, bottom) was largest
(over 1.0 X 10-* s71) in the lower part of the free at-
mosphere, where the relative inflow and outflow across
the vortex (Fig. 4; Fig. 6, bottom) was maximum. The
asymmetric divergent (convergent) region in front (to
the rear) of the eye extended from the boundary layer
to the middle troposphere, similar to the vertical extent
of where the relative flow was from the rear to the front.
Consistent with the asymmetry in the convergence, the
total upward motion (Fig. 6, top) was considerably
stronger in the rear quadrant of the eyewall, compared
to the front sector throughout the entire troposphere.
Accordingly, the upper-level divergence in the outflow
region in the variable f experiment was stronger to the
rear of the storm center and weaker ahead of it.

In Fig. 7 the impact of the pattern of asymmetric
convergence on the vertical motion (top) and accumu-
lated precipitation (bottom) is shown. The averaged val-
ue of omega in the middle level of the atmosphere (o
= 0.5, ~5.7 m) was nearly twice as large on the south-
east side of the eyewall compared to the northwest quad-
rant. Similarly, the accumulated precipitation in the eye-
wall ranged from 100 cm ahead of the storm to 200 cm
just to the rear of the storm center. The distribution of
the accumulated precipitation was well correlated with
the asymmetries in the convergence and the vertical
velocity in the free atmosphere. The difference in pre-
cipitation between the constant f and variable f exper-
iments was somewhat larger in the front of the eyewall
(~75 cm) compared to the rear (~50 cm). Also, it was
found that the decrease of upward motion at middle
levels ahead of the storm between the variable f and the
constant f experiments was greater than the increase of
upward motion on the southeast side.

As shown in Fig. 8, the above-mentioned strongly
asymmetric structure in the accumulated precipitation
was masked in the instantaneous precipitation fields
since this distribution was dominated by cyclonically
rotating cells of precipitation within the eyewall. Al-
though the strong convective cells (areas of maximum
precipitation) were instantaneously located in any of the
four quadrants, the most intense activity was often found
in the southeast sector of the storm. This was afavored
region for theintensification of the cellsthat often weak-
ened considerably in the region northwest of the eye.
In the present case, 70% of the occurrences of the heavi-
est precipitation in a sample taken at 15-min intervals
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Fic. 5. Total divergence (top, 104 s %) and asymmetric divergence
(bottom, 10-* s7%) for the variable f and no basic flow experiment at
o = 0.78 averaged for the final 36 h of the integration. The dashed
line indicates the region through which the cross sections in Fig. 6
are taken. Regions of divergence are lightly shaded.

during the last 36 h of the integration period were found
in the southeastern half of the vortex. When the domain
was subdivided into four quadrants, the location of the
maximum precipitation within the eyewall occurred in
the northwest quadrant only 8% of the time, compared
to 37% in the southeast quadrant and 28% and 27% in
the southwest and northeast quadrants, respectively.
Similar to the distribution of precipitation, the time-
averaged maximum in upward motion on the southeast
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FiG. 6. Vertical cross sections through the storm center and in the
direction of the storm motion for the radial—vertical flow field and
the total divergence (top, 10~ s~*), and the asymmetric relative wind-
asymmetric vertical flow field (Vm — C, W,y,,) and asymmetric
divergence (bottom, 10-* s~1), computed from the wind field averaged
for the final 36 h of the integration for the experiment with variable
f and no basic flow. See Fig. 1 for more details.

side of the eyewall was often masked in the instanta-
neous distributions of omega (not shown). The above
analysis indicates that the greatest impact of the asym-
metric flow on the precipitation was to reduce the mag-
nitude of the strongest convection by the persistent area
of divergence on the northwest side of the eyewall. This
is likely one of the reasons the suppression of precip-
itation in front of the storm was somewhat larger than
the enhancement behind the storm, between the constant
f and variable f experiments. The large asymmetry be-
tween the front and rear quadrant, noted in the accu-
mulated precipitation, was also likely enhanced by the
correlation between precipitation and convergence once
this asymmetry was generated in the baroclinic model.

Finally, to evaluate the possible role of the cumulus
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Fic. 7. Omega (top, 102 hPa s at o = 0.5 (~5.7-km height)
and accumulated precipitation (bottom, cm) averaged or accumulated
for the final 36 h of the integration and computed relative to the
moving storm. Regions of negative values of omega (upward motion)
or accumulated precipitation greater than 100 cm, are indicated with
light shading. Regions with omega less than —60 X 10-2 hPas* or
regions where the accumulated precipitation exceeded 175 cm are
shown by dark shading.

parameterization used in this study on the simulated
storm asymmetry discussed above, a supplemental ex-
periment was performed without cumulus parametri-
zation. In this experiment, precipitation resulted only
from the resolvable-scale processes. The numerical re-
sults indicated that the precipitation pattern (not
shown) was quite similar to the asymmetric pattern
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shown in Fig. 7 asthe maximum precipitation remained
on the southeast side of the eyewall. This suggests that
the formation of the asymmetry in the precipitation
discussed in this section was not due to the type of
convective parameterization used. In other words, the
precipitation in the present rather intense storm was
largely dependent on the resolvable-scale vertical mo-
tion.

c. Evaluation of effect of relative flow on the vorticity
budget

In the analysis of Hurricane Gert by Willoughby et
al. (1984), it was suggested that as the environmental
flow moved through the vortex core at the lower levels,
it produced the pattern of convergence and divergence
observed on the east and west side of the eyewall,
through the mechanism of potential vorticity conser-
vation. In particular, as the air entered the region of
large vorticity gradients in the inner storm region, they
proposed that vertical stretching occurred as the flow
tended to conserve potential vorticity. Likewise, as the
air exited on the west side, it was speculated that its
vorticity was reduced by compression of the vortex
tubes. It should be pointed out, however, that the po-
tential vorticity will be greatly modified by the intense
convective heating in the eyewall, which also tends to
redistribute vertically the large potential vorticity found
in the lower troposphere (e.g., Wu and Emanuel 1993),
enabling the vorticity field to maintain its vertical co-
herence. Nevertheless, as discussed in section 3, asim-
ilar mechanism of vorticity forcing (i.e., vorticity
stretching and compression) likely leads to the gener-
ation of the asymmetric distribution shown in Figs. 6
and 7. In order to investigate the effect of the strong
vorticity forcing by the relative wind on the diver-
gent—convergent pattern observed in the present exper-
iment, a vorticity budget computation was made. In this
analysis, four terms in the vorticity equation that rep-
resent interaction of the relative flow and the symmetric
component of vorticity were computed with respect to
the moving storm:

, ~Vagm = ©)Viym (4.2
(horizontal adv. of sym. vorticity by asym. rel. wind),

—(f + Zym)V-Vagm (4.2)
(stretching by the asym. divergence),

00y Vg N W ,eym WUg 43)

X op ay op '

(tilting by asymmetric omega),
and
— ym

~ Wagym 3; (4.9

(vertical advection of sym. vorticity by asym. omega).

(Here, ¢ refers to relative vorticity.) There exist other
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2°

21°

20°

21°

200

FiG. 8. Instantaneous precipitation rate (cm h™) at 48, 50, 52, and 54 h for the experiment
with variable f and no basic flow. Contour intervals are drawn for 0.01, 0.02, 0.2, 0.5, 1, 2,
5, 7, and 9 cm h=. The regions with precipitation rates greater than 5 and 7 cm h™* are
indicated by light and dark shading, respectively.

terms involving the asymmetric vorticity and vertical
derivatives of the asymmetric wind, namely

_\75ym'VZawm - (f + Z@m)wwm
and

00y Vg |, Vg Ol —
ax  ap ay op

These terms were found to be significantly smaller than
(4.1), (4.2), (4.3), and (4.4) in most of the regions of
interest in this study. The horizontal distribution of the
first two terms, (4.1) and (4.2), in the lower free at-
mosphere (o = 0.78), are presented first (Fig. 9). This
level was slightly above the region where the relative
flow of the asymmetric wind V ,,, — C was maximum.
Although the relative flow at this level was ~2 m s72,
the large vorticity gradient in the eyewall region (Fig.
2, bottom) produced a vorticity tendency of 1-2 X 10-7
s—2 through the advection of the symmetric vorticity by
the asymmetric relative flow (Fig. 9, top). The above
distribution and magnitude was comparable to the
stretching effect due to the asymmetric divergence (bot-
tom). The magnitude of both terms was considerably
larger in the front sector of the eyewall compared to the

I aom
'sym ap :

4.5

rear. Thisfeature was correlated with the larger decrease
of accumulated precipitation in the front sector of the
eyewall and the smaller increase of precipitation on the
rear side between the variable and constant f experi-
ments.

Vertical cross sections along the direction of storm
motion for the terms (4.1), (4.2), (4.3), and (4.4) are
presented in Fig. 10. Although the components of the
asymmetric relative wind both in the direction of the
storm and at right angles to the storm translation vector
contributed to (4.1), the component in the direction of
the storm motion was found to dominate in this exper-
iment and was again plotted in the cross section for
reference. In other cases, both components can make
important contributions to this term. For example, as
already pointed out, Franklin et al. (1993) found that
the cross-track component of the relative environmental
winds dominated in the interior of Hurricane Gloria. In
Fig. 10, the contribution due to advection of symmetric
vorticity by the relative flow was confined primarily to
the eyewall region where the symmetric vorticity gra-
dient was large. Note that, to first order, a good cor-
relation was again found on both sides of the eyewall
between the horizontal advection by the asymmetric
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Fic. 9. The vorticity tendency (107 s72) defined by (4.1) (top,
horizontal advection of symmetric vorticity by the asymmetric rel-
ative wind) and (4.2) (bottom, the stretching by the asymmetric di-
vergence) for the variable f and no basic flow experiment at o =
0.78 (~2.1-km height) averaged for the final 36 h of the integration.
The storm direction is indicated by the thick arrow, and the hurricane
center position is indicated by the hurricane symbol. Positive values
are indicated by light shading.

wind and the stretching effect by the asymmetric wind.
Throughout most of the troposphere, both terms exhib-
ited largest values ahead of the storm. Since the relative
flow was from the front in the upper levels, the effect
of the relative flow tended to enhance the stretching
effect there.

The contribution from the vertical advection of sym-
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metric vorticity (4.4) and the tilting term due to the
asymmetric omega (4.3) was small above 0.5 km, al-
though the tilting term made a small contribution in the
upper boundary layer on the front and rear side of the
eyewall. The vertical advection term also made a small
impact in the outflow region of the inner eyewall. The
balance of these four terms was not particularly good
in the immediate eye region. Kurihara and Bender
(1982) pointed out that the transient asymmetries play
a significant role in the maintenance of the mean struc-
ture of the eye. In the region near the center, small
changes in determination of the center position could
also significantly affect calculation of the symmetric
averaging. In addition, in the boundary layer the terms
associated with the frictional effect will become im-
portant, as well in the vorticity balance.

In summary, in this second experiment with variable
f, large asymmetriesin the storm’sinterior resulted from
the vertical shear of the beta-gyre flow (e.g., Fig. 4),
which was primarily caused by the decrease of the
storm’s cyclonic circulation with height. As the storm
propagated northwest with the vertically integrated beta-
gyre flow, the storm moved more slowly than the asym-
metric wind at the lower levels. This resulted in flow
that moved through the vortex in the lower levels and
produced a large value in the tendency for advection of
the symmetric vorticity by the asymmetric relativewind
(Figs. 9 and 10). To counterbalance this steady forcing,
persistent areas of vorticity compression and stretching
were produced ahead and behind the vortex, causing
large asymmetries (e.g., Fig. 7) in the vertical velocity
and accumulated precipitation.

d. Effect of basic flows in the generation of the storm
asymmetries

The previous analysis in section 4b has demonstrated
the effect that the relative flow had in producing im-
portant asymmetric characteristics in the storm struc-
ture. In reality, a tropical cyclone seldom exists in a
guiescent environment, but rather in environments as-
sociated with large changes in the large-scal e flow, both
in the horizontal and vertical. These vertical changesin
the environmental flow will cause large vertical varia-
tion in the relative flow. For example, in Hurricane Glo-
ria, Franklin et al. (1993) observed that the asymmetric
relative wind at 200 hPa was almost a complete mirror
image of the 850-hPa flow pattern. From the previous
results we can specul ate that these large vertical changes
will likely impact the generation of asymmetriesin the
interior region.

The purpose of the present section is to demonstrate
this effect with simple basic flows. The basic flows in
the first two experiments at the initia time were an
easterly flow that was constant with height and an east-
erly basic flow with vertical shear. Since it has already
been shown (Fig. 1) that without the basic flow the
guasi-steady state of the vortex in the experiment with



15 MARcH 1997

NO BASIC FLOW (VARIABLE f)

[Vasym C] Vﬁsym

[ SR

BENDER

715

km “Lf*' Csym}wasym

fzjugtm %\L

5?

0 F—100km—} ‘ 0

a“‘)asym avsym 3masym auSYm

i@@?\

FRONT

REAR

Esym
km asym op

=0
N By
e O

FRONT EAR

L_JK) -
@@ ”L<<;

|

Fic. 10. Vertical cross sections through the storm center and in the direction of the storm motion for the vorticity tendency
terms (1077, s7?) defined by (4.1) through (4.4) for the variable f and no basic flow experiment computed from the wind field
averaged for the final 36 h of the integration. The wind vectors plotted show the flow field for the asymmetric relative and

vertical wind (V o,
light shading. See Fig. 1 for more details.

constant f was almost perfectly symmetric, these two
experiments were first run with constant f in order to
isolate the effect of the basic flow on the vortex.

The asymmetries introduced by the initially constant
easterly basic flow of 5 m s are discussed first (Fig.
11, left). In this experiment, the storm moved west with
no north or south drift at 4.9 m s=*. In the boundary
layer the relative flow was from the front to the rear.
As shown by Shapiro (1983) and Chow (1971), atrans-
lating vortex with a constant basic flow will exhibit
increased convergence in the boundary layer ahead and
just to the right of the moving vortex, associated with
the region of maximum inflow. Shapiro (1983) specu-
lated that this effect may contribute to larger values of
accumulated precipitation in the front sector of moving
storms, which have been observed in many observa-
tional studies (e.g., Marks 1985; Burpee and Black
1989). In results presented here, the asymmetry in the

- C, Wasym). The storm center is indicated by the hurricane symbol, and positive values are indicated by

boundary layer convergence is evident in Fig. 11 both
in the distribution of total divergence (left, top) and
asymmetric divergence (left, middle), asthelatter quan-
tity in the eyewall averaged about —2 X 10~* s tinthe
front boundary layer of the storm and 0.5-1.0 X 10-*
st to the rear.

As clearly seen in Fig. 11 (left, middle), a maximum
in the zonal wind component also occurred just above
the top of the boundary layer, centered at 1.5 km (~850
hPa). This apparently resulted from the interaction of
the basic flow with the vortex, since the increase of the
zonal wind was not observed in the regions well beyond
the storm region. This feature also tended to increase
as the distance from the vortex center decreased. For
example, the difference in the zonal wind measured be-
tween 500 and 850 hPa averaged only about 0.30 m s*
300 km from the storm center, increasing to 2 m s*
within 200 km from the center, with a difference of 4.5
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Fic. 11. Vertical cross sections through the storm center and in the direction of storm motion for the 36-h averaged
radial-vertical flow field and total divergence (top, 10~* s%), the asymmetric relative wind-asymmetric vertical flow field
(Vas/m -C, W&ym) and asymmetric divergence (middle, 10~ s~1), and the distribution of the 36-h accumulated precipitation
(bottom, cm) for the experiment run with 5 m s-* easterly basic flow and constant f (left) and easterly wind shear and
constant f (right). Regions of positive values of divergence or asymmetric divergence, and accumulated precipitation greater
than 100 cm are indicated with light shading. Areas of accumulated precipitation greater than 175 cm are indicated with
thick shading. See Fig. 1 for more details.
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Fic. 12. Vertica profile of the 36-h averaged asymmetric wind component (m s) in the
direction of storm motion for the experiment with easterly vertical wind shear and constant f.
The mean translation speed of the storm (~9.7 m s7%) isindicated by a dashed line. See Fig. 4

for more details.

m st 125 km from the storm center. It is speculated
that thisinteraction of the basic flow and the vortex may
be primarily forced from the boundary layer beneath
and is a topic that will warrant further investigation in
the future. Nevertheless, it resulted in relative flow be-
tween 1 and 3 km, which moved through the vortex
from the rear to the front of the storm and produced a
region of asymmetric divergence ahead and asymmetric
convergence behind the storm (Fig. 11, middle left) in
the lower part of the free atmosphere. This divergent—
convergent pattern in the lower free atmosphere, which
was opposite in sign to the asymmetric pattern found
in the boundary layer, had much more of a significant
impact in the upward motion in the eyewall than the
asymmetries in the boundary layer convergence under-
neath. As aresult, the accumulated precipitation exhib-
ited a small increase (~35 cm) to the rear of the storm
compared with the front side (Fig. 11, bottom left).

In the vertical shear experiment, the easterly basic
flow was increased from5ms-—tat 1.5 kmto 16 ms
at 10 km. Figure 12 shows the vertical distribution of
the asymmetric flow during the final 36 h of integration,
averaged for the regions in front and to the rear of the
eyewall. The component of the wind in the boundary
layer was considerably smaller (~5-9 m st less) than
the storm translational speed, and the relative wind
ahead of the storm was from the front side below 4 km.
Above 5 km, there was strong relative flow from the
rear toward the center of the storm. In the outflow layer

in the upper levels the asymmetric wind was 5-7 m s=*
greater than the storm’s translational speed.

The impact of this distribution of the relative flow on
the divergence, upward motion, and precipitation is
demonstrated on the right side of Fig. 11. In this ex-
periment with vertical shear, the asymmetric divergence
was greatly impacted by the relative flow in both the
lower and upper levels. The average boundary layer
asymmetric convergence (divergence) ahead (behind)
the storm increased from about —2 X 104 st (0.5-1
X 10-* s7%) in the constant basic flow experiment to
values of over —4 X 104 st (2-=4 X 10~* s%) in the
case with easterly shear (Fig. 11, right, middlie). Also
note the region of total divergence and asymmetric di-
vergent flow in the rear of the storm in the shear case,
extending into the lower free atmosphere between 1 km
and 4 km. Its vertical extent was well correlated with
where the relative flow was from the front to the rear.
Likewise, the region of upper-level divergence in the
easterly shear case was considerably larger in front of
the storm compared to the rear side. As a result, the
upward motion became much more asymmetric between
the front and rear eyewall. Consistent with much stron-
ger upward motion in the front of the storm (right, top),
the precipitation maximum shifted to the front sector of
the storm. The accumulated precipitation was larger in
the front left eyewall compared to the front right quad-
rant (right, bottom). This may be a result of tilting of
the vertical axis of the vortex in the direction of the
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Fic. 13. Vertical cross sections through the storm center and in the
direction of storm motion for the vorticity tendency terms (10-7, s72)
defined by (4.1) (top, horizontal advection of symmetric vorticity by
the asymmetric relative wind) and (4.2) (bottom, the stretching by
the asymmetric divergence) for the experiment with easterly vertical
wind shear and constant f. The wind vectors plotted show the flow
field for the asymmetric relative and vertical wind (V g, — C, W,y,0,).
The storm center is indicated by the hurricane symbol, and positive
values are indicated by light shading. See Fig. 1 for more details.

shear vector. This increased the horizontal vorticity in
the direction of the shear vector (toward the west in the
present case), and enhanced the vertical motion in the
region to the left of the shear vector and decreased it
to the right of the shear vector.

To quantitatively assess contributions of the relative
wind on the vorticity budget for the case with easterly
shear, the terms of horizontal vorticity advection by the
asymmetric relative wind (4.1) and asymmetric stretch-
ing (4.2) were again calculated. From Fig. 13 it is seen
that the two terms were well correlated, both in the
boundary layer, in the lower part of the free atmosphere,
and at the level of divergent outflow. In the boundary
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layer, the strong relative flow from the front to the rear
caused large vorticity stretching ahead and vorticity
compression to the rear of the vortex. Likewise, in the
outflow layer in the upper levels where the relative wind
acted in the opposite direction, both terms reversed
signs, and the divergent outflow was significantly in-
creased on the front side of the storm and reduced to
the rear. Combination of the two effects, that is, mod-
ification of the boundary layer convergence and up-
per-level divergence, served to increase the upward mo-
tion ahead of the translating vortex and decrease it in
the rear quadrant of the eyewall, and contributed to the
asymmetry in the distribution of accumulated precipi-
tation.

Many of the observed studies have shown that the
front sector of propagating tropical cyclones is often
found to be a favored region of maximum rainfall, al-
though the precipitation patterns are found to be highly
variable from one storm to the other or even one time
level to another (e.g., Marks et a. 1992). In a previous
numerical simulation of Hurricane Gloria (1985) by the
Geophysical Fluid Dynamics L aboratory (GFDL) model
(Kurihara et al. 1990), a pronounced asymmetry in the
precipitation pattern was obtained as the model storm
accelerated north with heaviest precipitation occurring
well ahead of the storm center and little precipitation
south of the eye. This result agreed well with observed
radar pictures presented in Franklin et al. (1988). During
the period that the asymmetric precipitation pattern de-
veloped, strong southerly vertical wind shear existed in
the region near the storm as the mean wind surrounding
the hurricane increased from about 6 m st at 850 hPa
to nearly 23 m s at 250 hPa. Analysis of the asym-
metric pattern that was simulated by the GFDL hurri-
cane model for one case of Hurricane Gilbert (1988)
will be presented in the next section. These numerical
results from real cases strongly support those of the
idealized experiments, that is, that the vertical shear of
the asymmetric wind and the resulting relative wind
across the vortex may be one of the primary mechanisms
that determine the quasi-steady asymmetric distribution
of precipitation in tropical cyclones.

Recent studies by Shapiro (1992), Wu and Emanuel
(1993), and Wu and Emanuel (1994) discussed effects
of the vertical shear of the basic flow and the potential
vorticity (PV) gradient on the storm structure and mo-
tion. The propagation of a vortex in a baroclinic envi-
ronment isrelated to the gradient of the PV in a manner
similar to a barotropic vortex on a beta plane. For the
case of easterly shear and constant f presented here, the
background PV gradient at 72 h in the north—south di-
rection was about 0.03 PVU (potential vorticity units)
(1000 km) —*, estimated by taking the average difference
between PV at 500 km north and 500 km south of the
storm and averaging it for the isentropic surfaces be-
tween 320 and 330 K. This was about one-fifth of the
PV gradient attributable to the variation of f that was
absent in the present experiment. Consistent with this
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Fic. 14. Vertica profile of the 36-h averaged asymmetric wind component (m s%) in the
direction of storm motion for the experiment with 5 m s—* easterly flow and variable f. The mean
translation speed of the storm (~5.8 m s7%) is indicated by a dashed line. See Fig. 4 for more

details.

weak PV gradient, the storm exhibited only avery small
southward motion of about 40 cm s *. These results
suggest that the background gradient of PV associated
with the vertical shear chosen here did not have a sig-
nificant impact on the storm structure.

In the last set of idealized experiments, the model
was run with initially constant easterly or westerly basic
flows of 5 m st and with variable f. The vertical dis-
tribution of the asymmetric wind component in the di-
rection of storm motion that evolved in the case of vari-
able f and 5 m s easterly basic flow is shown in Fig.
14. The obtained profile was somewhat similar to the
sum of the vertical distribution for the case of no basic
flow and variable f (Fig. 4) and that for the case of
constant easterly basic flow and constant f (not shown).
Relative flow into the storm from the rear side extended
from the upper boundary layer to 3 km with amaximum
value of over 4 m s~ at 850 hPa (~1.5 km). The pre-
vious analysis suggests that this should have a signifi-
cant impact on the asymmetric distribution of diver-
gence and upward motion. The boundary layer conver-
gence and accumulated precipitation are presented in
Fig. 15 for cases both with easterly and with westerly
constant basic flows and variable f. Similar to the case
with variable f and no basic flow (Fig. 7), the precipi-
tation maximum was located in the southeast sector of
the storm for both experiments (Fig. 15, bottom), despite
the maximum asymmetry in the boundary layer con-
vergence ahead of the moving storm (Fig. 15, top) where
the relative inflow was largest. This indicates that the

relative wind associated with the beta gyre became the
primary mechanism producing the asymmetries in the
precipitation and omega field in the absence of the large
initial easterly vertical shear. The asymmetry in the
boundary layer divergence for both the easterly and
westerly basic flows (Fig. 15, top) again did not make
a significant contribution to the asymmetry in the ac-
cumulated precipitation. In vertical cross sections of di-
vergence through the storm center (not shown), the
asymmetries in the divergence field for the variable f
case indeed became larger in both the lower part of the
free atmosphere and the upper levels compared to the
constant easterly and constant f experiment. Hence, the
upward motion became somewhat weaker ahead of the
storm and slightly stronger in the rear eyewall.

e. Asymmetriesin the eyewall of Hurricane Gilbert
(1988)

In the last experiment, the model integration and anal-
ysis procedure used in the previous idealized experi-
ments were applied to one real case of Hurricane Gilbert
(1988). This particular case was selected since Hurri-
cane Gilbert moved in a nearly constant west-northwest
direction at a similar translational speed and direction
asthe 5 m s ! easterly flow case with variable f. The
initial condition, experimental design, and lateral
boundary condition were identical to those described in
Bender et al. (1993b). This integration was a 72-h fore-
cast with the initial field obtained from the NCEP T80
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5m/s WESTERLY BASIC FLOW
(VARIABLE f)

BOUNDARY LAYER DIVERGENGE

BOUNDARY LAYER DIVERGENGE

ACCUMULATED PRECIPITATION

|

Fic. 15. The distribution of the boundary layer divergence (top, 10— s7¢, integrated from
the surface to o = 0.89, ~1.1 km) and accumulated precipitation (bottom, cm) for the variable
f experiments run with 5 m s* easterly and westerly initial basic flows. All of these were
averaged or accumulated for the final 36 h of the integration and computed relative to the
moving storm. Regions of divergence and accumulated precipitation greater than 100 cm are
shaded. Areas of accumulated precipitation greater than 175 cm areindicated with thick shading.
The storm direction is indicated in the upper panels by the thick arrow.

analysis at 1200 UTC 14 September 1988, just prior to
the landfall of the hurricane on the Yucatan peninsula.
Since the analyzed vortex was removed from the global
analysis and replaced with a more realistic storm struc-
ture that was derived from the observed storm profile,
it isassumed that the model storm during theintegration
resembled Hurricane Gilbert, at least to a first order.
Similar to the previous experiments, a 36-h averaging
interval was used, commencing at forecast hour 12,
when the hurricane had moved again over water after
emerging into the Gulf of Mexico. The averaging period
ended about 12 h before the storm made landfall again
over Mexico, so that the effect of land on the hurricane
structure should have been minimal. Although Hurri-
cane Gilbert changed little in intensity during thistime,
the model storm underwent moderate strengthening,
with the minimum pressure decreasing from 952 to 940
hPa and the maximum low-level winds increasing from
39 to about 49 m s . It is unclear the effect this had
in changes in storm structure and on the generation of

the quasi-steady storm asymmetries. In addition, other
factors such as horizontal variations in the wind fields
may also have impacted the generation of the observed
asymmetries. Nevertheless, analysis of this case should
help to quantitatively verify the resultsthat were derived
from the previous analysis on the effect of the relative
flow on the idealized storms.

Analysis of the 36-h average environmental wind in-
dicated relative flow moving through the vortex gen-
erally from west to east, from the middle boundary layer
where it was maximum, gradually decreasing with
height to about 10 km. Hence the environmental wind
exhibited easterly wind shear that resembled the vertical
profile for the previous idealized experiment with con-
stant f and easterly wind shear (e.g., Fig. 12), although
it was considerably less in magnitude. The resulting
vertical profile of the time-averaged asymmetricrelative
flow, computed in the direction of the storm motion, is
shown in Fig. 16. During this time the model hurricane
moved at 5.4 m s* in a west-northwest direction (e.g.,
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ASYMMETRIC WIND COMPONENT IN DIRECTION OF STORM MOTION
HURRICANE GILBERT (1988)

VERTICAL HEIGHT (KM)
EN

STGRM
TRANSLATIONAL
SPEED

-2.0 0.0 2.0

13
4.0 6.0 8.0

ASYMMETRIC WIND COMPONENT

Fic. 16. Vertical profile of the 36-h averaged asymmetric wind component (m s%) in the
direction of storm motion for the case of Hurricane Gilbert (1988). The mean translation speed
of the storm (~5.4 m s?) isindicated by a dashed line. See Fig. 4 for more details.

4.9 m st west and 2.2 m st north). The resulting rel-
ative flow averaged about 6 m s~* into the storm from
the front in the boundary layer and 1-4 m s* in the
free atmosphere. In the vorticity budget, the term of the
horizontal advection of symmetric vorticity by the
asymmetric flow (not shown) was positive (negative)
throughout much of the troposphere to the rear (in front)
of the storm and in the region of large vorticity gradient,
with maximum in the boundary layer ranging between
1 X 10-7to 2 X 10-7 s 2 to the rear and from —0.5 X
107 to about —1 X 10-7 s72 in the front quadrant. The
effect of stretching by the asymmetric divergencetended
to counteract the advection effect. For example, this
term in the rear eyewall was negative with a similar
magnitude (~—0.5 X 1077 s7?) as the advection term
from about 3 km to the outflow layer.

The structure of the total divergence and asymmetric
divergent field is shown in Fig. 17. During this period
the inner structure of the hurricane was rather broad
with an average radius of maximum wind of about 110
km. Associated with the relative flow into the storm at
low levelsin the front quadrant of the eyewall, aregion
of asymmetric convergence (vorticity stretching) was
found throughout the boundary layer to about 3 km,
tilting to the west with height and extending to nearly
200 km from the storm center. This resulted in a large
region of boundary layer convergence in the front of
the eyewall (Fig. 17, top). In the rear eyewall where the
relative flow out of the eyewall was occurring through-
out much of the free atmosphere, the flow was divergent
from about 3 km to the outflow layer above.

Corresponding to the asymmetric divergent distri-
bution, the upward motion became distinctly stronger
on the front side of the eyewall (Fig. 17, top). A highly
asymmetric distribution inthe accumulated precipitation
(Fig. 17, bottom) resulted with the maximum precipi-
tation found in the left front quadrant. The maximum
accumulated precipitation between the southwest and
northeast quadrant varied from 125 to 50 cm, and the
asymmetric precipitation pattern was very similar to the
previous idealized experiment with easterly shear (Fig.
11, right bottom). The agreement shown here provides
strong support to the validity of the idealized experi-
ments and to the present real case study as well.

5. Summary and discussion

Some of the previous analyses of observed hurricanes
(e.g., Willoughby et al. 1984; Marks et al. 1992; Frank-
lin et al. 1993) have strongly suggested that the vertical
shear in the environmental flow and the resulting rel-
ative wind acrossthe vortex, isone of the primary mech-
anisms in the generation of asymmetries in the convec-
tion found in the interior of tropical cyclones. A series
of experiments were performed using the GFDL high-
resolution hurricane model to investigate the effect of
the asymmetric relative flow on the generation of asym-
metries within the region of the eyewall. The quasi-
steady component was emphasized, calculated by av-
eraging the wind, divergence, omega, and precipitation
fieldsfor each model time step over a36-htimeinterval.
The analysis was first made for idealized cases to dem-
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HURRICANE GILBERT (1988)
DIVERGENCE

)a%/ \ L LL
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Fic. 17. Vertical cross sections through the storm center and in the
direction of the storm motion of the 36-h averaged radial—vertical
flow field and the total divergence (top, 10~* s1), the asymmetric
relative wind-asymmetric vertical flow field (Vg — C, W) and
asymmetric divergence (middle, 10~ s-%), and the distribution of the
36-h accumul ated precipitation (bottom, cm) for the case of Hurricane
Gilbert (1988). Regions of positive values of divergence or asym-
metric divergence and accumulated precipitation greater than 100 cm
are indicated with light shading. The storm direction is indicated in
the bottom panel by the thick arrow. See Fig. 1 for more details.
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onstrate the importance of the relative flow in the evo-
Iution of the quasi-steady, asymmetric structurein these
idealized storms. The analysis procedure used in these
experiments was then applied to one real case of Hur-
ricane Gilbert (1988) to demonstrate that the relation-
ship between the relative flow and the quasi-steady
asymmetric structure analyzed in the idealized studies
could be identified in this real data case.

Similar to the observational studies, analysis of the
various experiments confirmed that the vertical profile
of the asymmetric wind is one of the key factors in
determining the structure of quasi-steady asymmetries
in the interior region of tropical cyclones. The results
of vorticity budget analysis indicate that steady forcing
on the vorticity field of the storm was caused by the
vorticity advection due to the difference between the
asymmetric wind and the storm motion. This forcing
was balanced with vorticity stretching and compression
due to the asymmetric wind. Asymmetries in conver-
gence and divergence, vertical motion, and accumulated
precipitation were closely related to thefield of vorticity
stretching. This confirmed the importance of the mech-
anism of vorticity stretching and compression that was
suggested by Willoughby et al. (1984).

The time-averaged vortex structure was nearly axi-
symmetric in an experiment with constant f and no basic
flow. When the variation of f was included, beta-gyre
flow was generated that was strongest in theinner region
just above the boundary layer and steadily decreased
with height. This asymmetric flow in the lower part of
the free atmosphere exceeded the storm’s translational
speed from the boundary layer to around 6 km, which
caused relative flow into the eyewall from the south-
southeast and out of the eyewall on the north-northwest
side. Evaluation of several terms in the vorticity equa-
tion indicated that a large vorticity tendency with mag-
nitude of 1-2 X 10-7 s~2 was produced through advec-
tion of the symmetric vorticity by the relative flow in
the lower free atmosphere of the eyewall region where
the vorticity gradient was large. To counterbalance this
steady forcing, apersistent area of vorticity compression
and asymmetric divergence (~1 X 104 s!) existed
ahead of the propagating storm with an area of vorticity
stretching and convergence in the lower free atmosphere
of therear eyewall. These asymmetriesin thedivergence
field were consistent with quasi-steady asymmetriesin
the distributions of upward motion at middle levels and
accumulated precipitation in the eyewall region. Spe-
cifically, the accumulated rainfall as well as the middle-
level upward motion had a maximum value to the rear
of the eyewall. This was a favored region for the in-
tensification of the precipitation cells that tended to ro-
tate cyclonically around the storm center and weaken
in the region of divergence, in the northwest eyewall.
These results suggest that, among many different factors
contributing to the observed asymmetries that evolvein
real tropical cyclones, the vertical profile of the asym-
metric wind due to the beta gyre may be an important
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one when the environmental flow is very weak. This
experiment also clearly suggests an important relation-
ship between the vertical profile of the relative flow and
the quasi-steady asymmetric fields of convergence and
divergence in the interior of tropical cyclones.

Since the environmental flow, especially with vertical
shear, will also have a large impact on the relative flow
into and out of a tropical cyclone, this effect was in-
vestigated in experiments performed with constant f and
with simple easterly flows. The first experiment wasrun
with a constant basic flow with height, the second with
easterly shear above the boundary layer. In the case with
an initially constant basic flow of 5 m s, maximum
boundary layer convergence developed in the front side
of the storm, associated with the region of maximum
relative inflow. However, interaction of the basic flow
with the vortex also increased the magnitude of the basic
flow just above the boundary layer, resulting in flow
into and out of the storm between 1 and 3 km. This
produced divergence (convergence) in the free atmo-
sphere in the front (rear) of the storm. This diver-
gent—convergent pattern in the lower free atmosphere
had a significant impact in the upward motion at middle
levels in the eyewall, masking the effect of the asym-
metries in the boundary layer convergence undemeath.
Hence, the accumulated precipitation exhibited a small
increase (~35 cm) to the rear of the storm, compared
to the front side. It isuncertain how much theinteraction
of the vortex with the basic flow observed in this ex-
periment is found in real storms as well. This remains
atopic for further study. Nevertheless, this result again
demonstrates the important correlation that exists be-
tween the relative wind and asymmetries in the storm
interior.

In the vertical shear experiment, therelativewind was
from the front to the rear of the storm from the surface
to 4 km and averaged about 8 m s* in the boundary
layer. Above 5 km, strong relative flow occurred from
the rear to the front of the storm. The strong relative
flow was associated with large vorticity stretching ahead
and vorticity compression to the rear of the vortex in
the lower part of the atmosphere, and the magnitude of
the asymmetric boundary layer convergence and diver-
gence was more than doubled in these regions compared
to the constant easterly flow case. Similarly, in the out-
flow layer, where the relative wind acted in the opposite
direction, the divergent outflow was significantly in-
creased in the front side of the storm and reduced in
the rear. As aresult of both effects, the upward motion
was significantly increased in the front of the storm and
reduced in therear, and the precipitation maximum shift-
ed to the left front quadrant of the storm.

Observed studies have indicated the tendency for
maximum convective activity to be often located ahead
of translating tropical cyclones. The present results sug-
gest that this observed asymmetric precipitation distri-
bution is greatly influenced by the direction and mag-
nitude of the relative winds in the free atmosphere
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with height. Similarly, the observational studies previ-
ously cited also concluded that away from land influ-
ences, the shear of the environmental wind is a key
factor controlling the asymmetric distribution of con-
vection in the hurricane eyewall, rather than the location
of the maximum inflow and boundary layer convergence
in the front right quadrant as suggested by Shapiro
(1983). It should be pointed out, however, that in the
results of Shapiro, hismodel wasasimple slab boundary
layer model of constant depth with no vertical variation.
Indeed, in the final idealized experiment in this study,
run with constant easterly basic flow and variable f, the
relative flow in the lower free atmosphere was from the
southeast and increased to over 4 m s % As a result,
the precipitation maximum was located in the southeast
sector of the storm, in contrast to the asymmetry in the
boundary layer convergence underneath. This precipi-
tation distribution was similar to the experiment with
variable f and no basic flow.

Finally, when one real data case of Hurricane Gilbert
was analyzed that exhibited easterly vertical environ-
mental shear, relative flow of 5-6 m st was found in
the boundary layer and 1-4 m s~* in the free atmosphere
directed from the front to the rear of the storm. Asso-
ciated with the relative flow into the storm, a region of
asymmetric convergence in the front of the eyewall ex-
tended to nearly 200 km from the storm center. Con-
sistent with the asymmetric divergent distribution, the
upward motion became distinctly stronger on the front
side of the eyewall, and the maximum accumulated pre-
cipitation was found in the left front quadrant. This
confirmsthat although the present idealized experiments
were performed with an idealized vortex and environ-
mental flows, the results obtained should be applicable
to real data cases. In conclusion, the effect of therelative
wind is an important factor in determining the quasi-
steady asymmetries in the distribution of accumulated
precipitation and upward motion.

Future plansinclude investigation of the quasi-steady
asymmetric structure in more real data cases. In partic-
ular, analysis will soon begin for several cases from the
1995 hurricane season, including Hurricanes Erin and
Opal in the Gulf of Mexico, and Hurricane Felix in the
central Atlantic. Some of the preliminary experiments
with an ocean-coupled model have already suggested
that the interaction with the ocean may play a role in
modifying some of the asymmetric structure observed
in these idealized cases. This will be investigated with
a new version of the GFDL hurricane model that in-
cludes the effect of ocean coupling. The present study
should serve as a guideline in determining the strategy
and design for future numerical studies and observa-
tional analysis of the internal asymmetric structure of
these tropical cyclones.
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